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Abstract 
The surface of silicon wafers was irradiated with ultrafast picosecond laser pulses in the presence of SF6 at a fluence 
of 0.3 J/cm2, 0.4 J/cm2 and 0.5 J/cm2, respectively. And three microstructured surfaces doped with sulfur were 
obtained and applied to solar cells. The effect of laser fluence on the properties of cells is investigated. The result 
shows that the parameters of cells irradiated with the fluence of 0.4 J/cm2 are the best. The FF, Pm, and Eff of cells 
irradiated with the fluence of 0.3 J/cm2 are superior to that of cells irradiated with the fluence of 0.5 J/cm2 although 
ISC and VOC are lower. The parasitic resistance is analyzed to explain the higher FF of the cells irradiated with the 
fluence of 0.3 J/cm2. And the surface morphology of microstructured silicon was characterized by SEM. 
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1. Introduction 
Currently, the main objective of solar cell industry is focused on improving cell efficiency and 
lowering the cost of production. One of the most important requirements for enhancing power conversion 
is efficient light energy absorption over the entire solar spectrum causing carrier generation in a material. 
Besides, laser doping was applied to solar cell fabrication at the beginning of the 1980s [1] with increased 
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attention in recent years [2-4]. The main advantage of laser doping is the local selectivity of the laser 
beam, which allows melting of the surface without heating of the bulk, therefore minimizing the 
degradation associated with high-temperature processes. Other important advantages are (a) easy control 
of doping level and diffusion depth; (b) versatile application and (c) simple implementation in both 
laboratory and industrial environments. And so this technology could have a promising future for 
fabricating high efficiency cells. 
Since the Mazur group first reported that silicon surfaces microstructured with high-intensity 
femtosecond laser pulses in an atmosphere of sulfur hexafluoride (SF6) have strong optical absorptance 
over a broad spectrum from ultraviolet (250 nm) to infrared (2500 nm) in 1998 [5-9], several groups have 
investigated the structure and properties of silicon doped with sulfur beyond the equilibrium solubility 
limit, with a focus on the potential presence of an impurity band and its relevance to photovoltaics [10-13]. 
However, little information has been reported about solar cells manufactured on the ultrafast laser 
microstructured silicon surfaces doped with sulfur, holding great promise in the preparation of high-
performance photovoltaic devices. In this paper, three different structures, which are obtained by 
irradiating the surface of silicon wafers with picosecond laser pulses in the presence of SF6 at the fluence 
of 0.3 J/cm2, 0.4 J/cm2, and 0.5 J/cm2 respectively, are applied to solar cells as a back surface field (BSF). 
The purpose of this paper is to study the effect of laser fluence on the properties of the cells. Here for the 
first time we report this type cell results, whereas further improvements in efficiency are possible through 
surface texturing and optimized device fabrication processes. 
2. Experiment
As starting material we choose Czochralski (CZ) n-type silicon wafers, 2 inch diameter, orientation 
(100), both sides polished. The thickness of the wafers was 260 ȝm and their resistivity ranged from 3 to 
6 ȍ·cm. After RCA cleaning, boron diffused p-layer with sheet resistance of 70í80 ȍ/Ƒ serving as the 
front shallow emitter region in a conventional diffusion tube furnace. Subsequently, borosilicate glass 
(BSG) was removed and an anti-reflection coating SiO2 (nr = 1.45, d = 100 nm) was deposited by plasma 
enhanced chemical vapor deposition (PECVD) system on the front side. No texturizing of the surface was 
carried out. After that, the wafers were placed in a vacuum chamber filled with 600 mbar pressure of SF6 
and exposed to 0.5 mJ pulses of 532 nm wavelength and 30 ps pulse duration at the repetition rate of 1 
kHz from a regeneratively amplified laser system. The laser beam directed with a galvanometer scanner 
system was focused onto the back surface of the wafers by a 160mm focal length F-Theta Scanning Lens. 
And then the samples were scanned under the laser beam at a fluence of 0.3 J/cm2, 0.4 J/cm2, and 0.5 
J/cm2, respectively. The laser irradiation locally melts the silicon and additional sulfur atoms diffuse from 
the sulfur hexafluoride gas into the melting silicon layers. Thus, the irradiation creates an n/n+ 
heterojunction between the undisturbed substrate and the disordered surface layer, which can induce a 
back surface field (BSF) effect [14, 15]. 
 
Fig. 1 The structure of solar cells 
After laser process, the samples were chemically cleaned and annealed at 823 K for 30 min in N2. Next, 
a deposition of 200 nm SiO2 layer was formed by PECVD system on the rear side for surface passivation. 
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The SiO2 layer of two sides was opened with photolitographical masks and wet-chemical etching. The 
front Al finger contact and rear Ti/Al contact were formed in a vacuum system using electron beam 
evaporation followed by contact sintering at 623 K for 15 min in N2. Finally, 1 x 1cm2 solar cells were 
diced from the wafers and divided into three groups for characterization. The back surface of solar cells in 
group 1, group2 and group 3 was microstructrued with a fluence of 0.3 J/cm2, 0.4 J/cm2 and 0.5 J/cm2 
respectively. The electrical parameters and the external quantum efficiency (EQE) were measure. The 
back surface morphology formed with the laser irradiation at different fluence was characterized with 
Scanning Electron Microscopy (SEM). Figure 1 presents the structure of microstructured silicon solar 
cells. 
3. Results and discussion 
Table 1 summarizes the average electrical parameters of the three groups with different laser fluence, 
measured under standard conditions (AM 1.5 G spectrum, 100 mW/cm2, 25 °C). It shows that each 
parameter of the cells from Group 2 is the best among all the three groups. This indicates that the laser 
fluence of 0.4 J/cm2 is superior to laser doped back surface field for n-type silicon solar cells compared 
with that of the other two gropes. It also shows that the short circuit current (ISC) and the open circuit 
voltage (VOC) of Group 1 are lower than that of Group 3, but the fill factor (FF), the maximum output 
power (Pm) and the conversion efficiency (Eff) are better. 
Table 1. Average electrical parameters of the three groups. 
Parameter 







ISC (mA) 23.88 24.94 24.06 
VOC (mV) 476.4 488.3 478.2 
FF (%) 63.2 63.7 61.5 
Pm (mW) 7.46 7.76 7.19 
Eff (%) 6.13 6.61 6.03 
Table 2. Ratios of the calculated RCH to the measured RSH and RS. 
Parameter 







RS (ȍ) 3.922 3.857 4.297 
RSH (ȍ) 9402 9427 9238 
RCH (ȍ) 19.95 19.58 19.88 
RCH /RS 5.087 5.076 4.626 
RSH /RCH 471.3 481.5 464.7 
 
In order to analyze the effects of serial resistance (RS) and shunt resistance (RSH) on FF, the 
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Table 2 presents the measured RS, RSH, the calculated RCH and the ratios of RCH to RS and RSH, 
respectively. If RCH is far greater than RS or far less than RSH, the parasitic resistance will have little effect 
on the FF. As shown in table 2, RCH is about 5 times greater than RS while RSH is over 400 times great 
than RCH. This means that RS has more effect on FF than RCH does. Considering the effect of RS on FF, 
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Where the ideality factor n is between 1 and 2, k is Boltzmann constant, T is the absolute temperature, and 
q is the absolute value of the electron charge. Under standard testing conditions with the AM 1.5, T = 
300K, k = 1.38 × 10-23 J/K, q = 1.62 × 10-19 C, and n = 1. According to the equation (2)–(4), the FF value 
of Group 1, Group 2 and Group 3 are calculated to be 0.776, 0.777 and 0.758 respectively. Consequently, 
it is the effect of RS that makes the FF of Group 1 larger than that of Group 3 whereas VOC is lower. 
 
 
Fig. 2. SEM images of back surface morphologies irradiated with a laser fluence of (a) 0.3 J/cm2, Group 1; (b) 0.4 J/cm2, Group 2 
and (c) 0.5 J/cm2, Group 3. 
Figure 2 shows the variation in back surface morphology for the fluence from 0.3 J/cm2 to 0.5 J/cm2, 
viewed perpendicular to the surface. These structures are conical in shape and the conical microstructures 
are about 3–15 ȝm high and separated by 2–8 ȝm from each other. An important trend to notice in Figure 
2 is that, with increasing laser fluence, there is an increase in both the microstructure height and the 
distance between microstructures. It has been reported that chemical reaction between SF6 and silicon 
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leads to the formation of the conical microstructures [19]. While the irradiation, high-intensity laser 
pulses can dissociate SF6 and the resulting radicals may etch silicon by forming volatile SiF4 [20]. 
Moreover, the pulses can produce vibrationally excited SF6, which has an enhanced reactivity with the 
silicon surface [20]. With increasing fluence, the height and distance of the microstructures are increased 
as a result of etching and resolidification [11, 20] on the surface of the silicon wafer. 
 
 
Fig. 3. EQE response of the three groups. 
Figure 3 shows the EQE response of the three groups from 400 to 1100 nm. Obviously, Group 2 has 
the best response to all the wavelengths. It reveals that the fluence of 0.4 J/cm2 not only improves the 
absorption of longer wavelengths near the back surface, but also improves the absorption in the bulk. 
However, while the laser irradiation creates an n/n+ heterojunction inducing formation of BSF in three 
groups, there are more laser-induced damages on the back surface of solar cells with increasing laser 
fluence, which leads to a lower minority carrier lifetime and higher back surface recombination velocity. 
In addition, the increase of surface features may result in larger scale unconnected section between the 
back surface and the rear Ti/Al contact, which increase the dangling bonds and surface defect states 
density and leads to a higher back surface recombination velocity. When the surface state density is very 
high, the barrier height is decided by the surface quality, almost independent of the mental work function. 
Therefore the larger scale unconnected section also degrades the BSF effect and the ohmic contact. 
Consequently, the EQE response of Group 3 is inferior to Group 1 based on above reasons. This is in 
good agreement with the measured parameters given in Table 1 and Table 2. Furthermore, as can be seen 
in figure 3, the response of the three groups to short and long wavelengths is lower than unity [21] 
resulting from the losses in ISC, VOC and RS of the device, which indicates that further investigation is 
needed to reduce laser-induced damages and the back surface defect states density of solar cells. 
4. Conclusion 
In this study, we have demonstrated the effect of laser fluence on the properties of microstructured 
silicon solar cells for the first time. The results show that the fluence of 0.4 J/cm2 is superior to laser 
doped back surface field, which not only improves the cell parameters of ISC, VOC, FF, Pm, and Eff but also 
enhances the EQE response from 400 to 1100 nm. However, with increasing laser fluence, there are more 
laser-induced damages and the back surface defect states density which degrade the BSF effect and 
increase the back surface recombination velocity. Moreover, the low EQE response to short and long 
wavelengths indicates that further improvements in efficiency are possible by reducing laser-induced 
damages and optimizing device fabrication processes. 
Dewei Liu et al. / Physics Procedia 22 (2011) 464 – 470 469
 
Acknowledgements 
This work was financially supported by the National 973 Program of China (Grant No. 
2010CB933800, 2012CB934202) and the C. A. S. program (Grant No. Y072051002). 
References 
[1] R. T. Young, R. F. Wood, J. Narayan, C. W. White, and W. H. Christie. Pulsed laser techniques for solar cell processing. 
IEEE Transactions on Electron Devices 1980; 27: 807–815.  
[2] Ly Mai, Ziv Hameiri, Budi S. Tjahjono, Stuart R. Wenham, Adeline Sugianto, Matt B.Edwards. REAR JUNCTION 
LASER DOPED SOLAR CELLS ON CZ N-TYPE SILICON. Photovoltaic Specialists Conference 2009; 34th IEEE: 1811–
1815. 
[3] Z. Hameiri, L. Mai, A. Sproul, and S. R. Wenham. 18.7% efficient laser-doped solar cell on p-type Czochralski silicon. 
Appl. Phys. Lett. 2010; 97: 222111.  
[4] Z. Hameiri, L. Mai, T. Puzzer, S. R. Wenham. Influence of laser power on the properties of laser doped solar cells. Solar
Energy Materials and Solar Cells 2011; 95: 1085–1094.  
[5]   T-H. Her, R. J. Finlay, C. Wu, S. Deliwala, and E. Mazur. Microstructuring of silicon with femtosecond laser pulses. 
Appl. Phys. Lett. 1998; 73: 1673–1675. 
[6] R. Younkin, J. E. Carey, E. Mazur. Infrared absorption by conical silicon microstructures made in a variety of 
background gases using femtosecond-laser pulses. J. Appl. Phys. 2003; 93: 2626–2629.  
[7] C. H. CROUCH, J. E. CAREY, M. SHEN, E. MAZUR, F. Y. GENIN. Infrared absorption by sulfur-doped silicon 
formed by femtosecond laser irradiation. Appl. Phys. A 2004; 79: 1635–1641.  
[8] C. Wu, C. H. Crouch, L. Zhao, E. Mazur. Visible luminescence from silicon surfaces microstructured in air. Appl. Phys. 
Lett. 2002; 81: 1999–2001.  
[9] Michael A. Sheehy, Luke Winston, James E. Carey, Cynthia M. Friend, and Eric Mazur. Role of the Background Gas in 
the Morphology and Optical Properties of Laser-Microstructured Silicon. Chem. Mater. 2005; 17: 3582–3586. 
[10] T. G. Kim, Jeffrey M. Warrender, Michael J. Aziz. Strong sub-band-gap infrared absorption in silicon 
supersaturated with sulfur. Appl. Phys. Lett. 2006; 88: 241902.  
[11] V. Zorba, N. Boukos, I. Zergioti, and C. Fotakis. Ultraviolet femtosecond, picosecond and nanosecond laser 
microstructuring of silicon: structural and optical properties. Appl. Opt. 2008; 47: 1846–1850. 
[12] Malek Tabbal, Taegon Kim, Jeffrey M. Warrender, and Michael J. Aziz. Formation of single crystal sulfur 
supersaturated silicon based junctions by pulsed laser melting. J. Vac. Sci. Technol. B 2007; 25: 1847–1853. 
[13] Wang Fang, Chen Changshui, He Huili, Liu Songhao. Analysis of sunlight loss for femtosecond laser 
microstructed silicon and its solar cell efficiency. Appl. Phys. A 2011; 103: 977–982. 
[14] James E. Carey, Catherine H. Crouch, Mengyan Shen, and Eric Mazur. Visible and near-infrared responsivity 
of femtosecond-laser microstructured silicon photodiodes. Optics Letters 2005; 30: 1773–1775. 
[15] J. G. Fossum. Physical Operation of Back-Surface-Field Solar Cells. IEEE Transactions on Electron Devices 
1977; 24: 322–325.  
[16] Fossum J G, Nasby R D, Pao S C. Physics underlying the performance of back-surface-field solar cells. IEEE 
Transactions Electron Devices 1980; 27: 785–791. 
[17] Green M A. General solar cell curve factors including the effects of ideality factor, temperature and series 
resistance. Solid State Electron 1977; 20: 265–266. 
[18] Green M A. Solar cells: operating principles, technology, and system applications. United States: Prentice-
Hall, Inc., Engle-wood Cliffs, NJ, 1982. 
[19] ZHAO Ming, YIN Gang, ZHU Jing-Tao, et al. Picosecond Pulse Laser Microstructuring of silicon. CHIN.
PHYS. LETT. 2003; 20: 1789–1791. 
470  Dewei Liu et al. / Physics Procedia 22 (2011) 464 – 470
 
[20] T. J. Chuang. Laser-Enhanced Chemical Etching of Solid Surfaces. IBM Journal of Research and 
Development 1982; 26: 145–150. 
[21] Jianhua Zhao, Aihua Wang, Pietro P. Altermatt, Altermatt, Stuart R. Wenham, Martin A. Green. 24% 
Efficient perl silicon solar cell: Recent improvements in high efficiency silicon cell research. Solar Energy Materials and Solar 
Cells 1996; 41-42: 87–99. 
